In insulating materials with ordered magnetic spiral phases, ferroelectricity can emerge due to the breaking of inversion symmetry. This property is of both fundamental and practical interest, in particular with a view to exploiting it in low-power electronic devices. Advances towards technological applications have been hindered, however, by the relatively low ordering temperatures T spiral of most magnetic spiral phases, which rarely exceed 100 K. We have recently established that the ordering temperature of a magnetic spiral can be increased up to 310 K by the introduction of chemical disorder.
Introduction
Magnetic frustration is characterized by the magnetic interactions that cannot be simultaneously satisfied 1, 2, 3, 4, 5, 6 and may lead to non-trivial magnetic orders 7, 8, 9, 10, 11 .
An example of such exotic magnetically ordered phases is the spin spiral, which has received a lot of attention during the last decade due to its potential for inducing ferroelectricity in insulating materials 12, 13, 14, 15, 16 . A necessary condition to use this property for magnetoelectric applications is to stabilize the spiral state close to room temperature (RT). Unfortunately, very few insulators display spiral phases above 100 K.
Besides cupric oxide (CuO) and some hexaferrites 17, 18, 19, 20 , the layered perovskite YBaCuFeO 5 is one of the few exceptions to this rule. However, what makes this last material truly remarkable is the extraordinary tunability of its spiral ordering temperature (T spiral ), which can be increased by more than 150 K by manipulating the degree Cu/Fe chemical disorder in the structure. We showed recently that T spiral can be shifted from 154 K to 310 K by adjusting the average Cu/Fe occupations n Cu and n Fe of the squarepyramidal sites in the crystal unit cell (Fig. 1A ) 21 . We also established the existence of a positive correlation between the spiral ordering temperature and the degree of Cu/Fe intermixing (maximal for n Cu = n Fe = 50%). However, the most surprising observation was that tiny differences in the Cu/Fe occupations (|n Cu -n Fe | ≤ 6%) can shift T spiral by more than 150 K. Such a huge, positive impact of the Cu/Fe disorder in the spiral stability is remarkable, and calls for further investigations aimed to both, understanding and exploiting this unusual trend. 4 The aim of the present study is to explore the design space opened by this novel, disorder-based spiral control mechanism. After having shown its potential and limitations for the particular case of YBaCuFeO 5 21 , we combine it here with a targeted lattice tuning of some magnetic exchanges. The idea behind is to add-up the effect of both mechanisms in order to stabilize spin spirals at temperatures higher than those obtained using these two strategies separately. In the following we show that for Cu-Fe based layered perovskites, T spiral values close to 400 K can be obtained using this approach. These values are ~100 K higher than using chemical disorder alone 21 , and expand the stability range of the spiral to a comfortable temperature region that extends well beyond RT. We also uncover the existence of an intriguing paramagneticcollinear-spiral triple point which defines the highest T spiral value that can be achieved in this class of materials. Moreover, we find several correlations between the spiral properties and some structural parameters that can be summarized in the form of a simple set of rules for magnetic spiral design in layered perovskites. Besides overcoming limiting factors in terms of operating temperatures, these results could contribute to increase the number of materials featuring spiral phases stable well beyond RT and be an important step towards the technological application of magnetic spirals in spintronics devices.
Results

Magnetic interactions
The strategy followed to attain our goal is based in the particularities of the . Such Cu-Fe 'dimers' are disordered in the structure (see Fig. 1B ), leading to variable, preparation-dependent averaged Cu/Fe occupations of the atomic positions inside the pyramids.
The Cu-Fe dimers have very important consequences for the magnetism of one of the two NN couplings along c-axis (Fig. 1C) is also AFM and disorderindependent, but its value is about one order of magnitude smaller. The intra-bowtie coupling J c2 , comparable to J c1 in absolute value, is the only ferromagnetic (FM) NN exchange interaction, and it is worth noting that this is only possible if the bowties are preferentially occupied by Cu-Fe pairs (i.e., if J c2 = J Cu-Fe ) 24 . This set of magnetic interactions is at the origin of the collinear magnetic phase observed at high temperatures (T < T collinear ) with k c = (½ ½ ½), see Fig. 1C 21, 24, 27, 28, 29, 30 . Note that in spite of the underlying chemical disorder, the preferential occupation of the bowties by FM Cu-Fe dimers and the non-dependence of the sign of J ab and J c1 with the Cu/Fe disorder imply that the magnetic structure can be seen as a set of ordered layers with strong in-plane AFM bonds coupled though weak, alternating FM and AFM bonds along c-axis (Fig. 1D ).
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At low temperatures the k z component of the propagation vector becomes incommensurate and the collinear magnetic order transforms in an inclined circular spiral with k i = (½ ½ ½±q) (Fig. 1E ) 21, 24, 28, 29, 31 . Although the c-axis seems naturally more prone to a magnetic instability due the weakness of J c1 and J c2 , the appearance of spiral state is surprising because these two couplings are not frustrated, and the nextnearest-neighbor (NNN) interactions, estimated from DFT calculations, are either too small, or have the wrong sign to produce frustration along this direction 24, 26, 32, 33 .
Tuning T spiral with chemical disorder
Very recently, an alternative, disorder-based mechanism has been proposed by Scaramucci and co-workers 32 . These authors demonstrated that a magnetic spiral can be stabilized through the introduction of few strong, randomly distributed frustrating bonds in systems featuring a single crystallographic direction with weak NN magnetic couplings. YBaCuFeO 5 , with strong in-plane couplings and weak, alternating AFM/FM exchanges along c (Fig. 1B) , clearly fulfills these premises 24, 26 . The required frustrating bonds are provided by small, preparation-dependent amounts of bowties occupied by Fe-Fe pairs (accompanied by the same amounts of Cu-Cu pairs if we assume a constant Cu/Fe ratio). Although both are energetically unfavorable 24 , their presence at very low concentrations cannot be disregarded in real materials. Rather, the monotonic changes in the size of the bowties with increasing cooling rates suggest that their concentration could be directly linked to the degree of Cu/Fe disorder. Due to the small Cu 2+ moment (S = ½) and the extremely weak Cu-Cu coupling (J Cu−Cu ~ 0) (dashedbonds in Fig. 1D ), a Cu-Cu defect is expected to have only a minor impact in the alignment of the neighboring spins. However, an AFM Fe-Fe pair (S = 5/2, J Fe-Fe ~ -100 meV) (solid-green bonds In Fig. 1D ) constitutes an extremely strong local perturbation of the underlying collinear spin order, in particular along the c where the couplings are weak. Such perturbation can extend to several unit cells (Fig. 1B,D) , become collective and give rise to a spiral if i) the Fe-Fe defects do not cluster within the ab-plane, i.e., if they are separated by a minimal average distance  min , ii) the J Cu-Fe / J Fe−Fe ratio is small enough and negative in order to guarantee strong local frustration, and iii) the concentration of Fe-Fe defects n is low enough so as to avoid that impurity bonds dominate the order between successive planes (n < J Cu-Fe / J Fe−Fe ) 32, 33 .
The main prediction of this model is that both, the spiral ordering temperature T spiral and the magnetic modulation vector q should increase linearly with n, as long as it remains at such low levels 15, 16 . Establishing if this is the case is out of the scope of this study and will require further experimental and theoretical work.
An interesting observation, common to all the samples investigated in this study, is the existence of a linear, universal relationship between the ordering temperature and the ground state periodicity of the spiral. This can be better appreciated in Fig. 4 , where the evolution of T spiral with q G for the three series of samples is shown. We note that the extrapolation of the linear law towards low-T spiral values crosses the origin (i.e. T collinear = 0 for q G = 0), whereas in the high-q G side, T collinear and T spiral converge to a common value of ~ 395 K for q G ~ 0.18. The sudden disappearance of the spiral and the observation of a new magnetic phase close to this point suggest the existence of a limiting value for both, the spiral's periodicity and ordering temperature. In other words, 395 K is most probably the highest T spiral value that can be reached in Cu-Fe-based layered perovskites. To our best knowledge, it is the highest spiral ordering temperature reported for a transition metal oxide 34 . Moreover, it is comfortably far from room temperature, an important point regarding applications, and almost 100 K higher than the highest T spiral value previously reported for YBaCuFeO 5 using chemical disorder alone (310 K).
Chemical disorder versus lattice tuning
After demonstrating the success of our combined approach, we investigate in detail the associated changes in the crystal structure with the aim to getting additional insight on . We note also that its increased entropy at the crossing makes this point potentially interesting for the search of exotic magnetic states in presence of external perturbations such as magnetic fields or elevated pressures 35, 37, 38 .
Towards spiral design in layered perovskites
An important outcome of the structural property correlations presented in previous sections is that they enable to propose a simple set of rules for the design of hightemperature spin-spirals in other AA'BB'O 5 layered perovskites with B-site disorder.
Besides maintaining electric neutrality, the most critical point is to identify B/B' cation pairs of comparable sizes, affinity for square-pyramidal coordination, able to produce To summarize, we have experimentally validated an emerging route for stabilizing spin spirals up to temperatures far beyond RT. Our approach, based in the combination of chemical disorder with a targeted lattice tuning of some magnetic exchanges, takes full advantage of the additivity of these two mechanisms. As a result, the stability domain of the spiral magnetic order can be tuned over unprecedentedly large temperature ranges.
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In the particular case of Cu/Fe-based layered perovskites we demonstrate that T spiral values close to 400 K can be reached using this strategy. This value is ~100 K higher than using chemical disorder alone 21 , and comfortably far beyond RT. We also reveal the existence of a linear, universal relationship between the spiral's ordering temperature and periodicity, a paramagnetic-collinear-spiral triple point, as well as several correlations between the spiral properties and some structural parameters. We discuss these results on the light of a recently proposed random frustrating bonds based mechanism, and propose a simple set of rules for the design of magnetic spirals in isostructural layered perovskites by using external pressure, chemical substitutions or epitaxial strain. Besides overcoming one of the main stoppers for applications, these results could accelerate the discovery of other materials featuring spiral phases stable well beyond RT, paving the way towards the long-sought technological use of magnetic spirals in spintronics devices.
Materials and Methods
Materials synthesis
The ReBaCuFeO 5 were then weighted, thoroughly ground and heated at a rate of 300 K/h up to the synthesis temperature T s (= 1323 -1430 K), that was optimized for every sample using thermogravimetric analysis under He/O 2 gas flow. The powders were then annealed during 50 hours at this temperature under oxygen gas flow. The obtained materials were cooled in the furnace down to RT, thoroughly grounded again, pressed into pellets, and sintered at T s for another 50 hours. After this treatment, all samples were quenched into liquid nitrogen. Small pieces were kept solid for their use in magnetization measurements, and the rest was pulverized and subsequently employed in PND experiments. The phase purity of all samples was checked using laboratory powder x-ray diffraction (XRD) at RT using a Brucker D8 Advance diffractometer with Cu K α radiation. All samples were very well crystalized and free of impurities within the limit of this technique (~1%). 
Differential scanning calorimetry
The paramagnetic to collinear phase transition at T collinear was also measured by differential scanning calorimetry (DSC) for ReBaCuFeO 5 and YBa 1-x Sr x CuFeO 5 powder samples by using a NETZSCH DSC 204F1 device. Fine powders (~ 30 mg mass) were sealed into aluminum crucibles and heated up to 670 K with a rate of 15 K/min under Ar gas flow. The data were acquired during the heating process (see fig. S2 ).
Powder neutron diffraction
Powder neutron diffraction measurements were carried out at the Swiss Neutron 
Data analysis
All diffraction data were analyzed using the Rietveld package FullProf Suite 
